Aero-assisted orbit transfer vehicles have the potential for significantly reducing the fuel requhments in certain classes of orbit transfer operations, Development of a nonlinear feedback guidance law for performing aero-assisted maneuvers that accomplish simultaneous change of all the orbital elements with least vehicle acceleration magnitude is discussed. The analysis is based on a sixth-order nonlinear point-mass vehicle model with lift, bank angle, thrust and drag modulation as the control variables. The guidance law uses detailed vehicle aerodynamic and the atmosphere models in the feedback loop. Higher-order gravitational harmonics, planetary atmosphere rotation and ambient winds are included in the formulation. Due to modest computational requirements, the guidance law is implementable on-board an orbit transfer vehicle. The guidance law performance is illustrated for three sets of boundary conditions.
The aeroassisted orbit transfer maneuver guidance laws reported in the literature [2 -121 achieve a desired velocity vector orientation at the point of exit from the atmosphere while optimizing a specified performance index. The optimization objectives have included the minimization of energy loss during the atmospheric pass, minimum fuel, minimum aerodynamic heating, and minimum flight time. Minimum acceleration magnitude criterion is used as the performance index in the present research. This criterion will ensure that the emerging guidance law results in the least structural load on the vehicle, permitting implementation on-board the orbit transfer vehicle.
The present paper addresses the problem of simultaneously controlling all the six components of the vehicle state vector at the atmospheric exit. Such a formulation enables simultaneous in-plane and out-of-plane aeroassistedorbit transfer maneuvers together with a control of the flight time, latitude and longitude at the exit from the atmosphere. Control of flight time is useful for establishing the timeof-perigee passage or the argument of perigee of the resulting orbit, while the control of terminal latitude and longitude are important to assure adequate ground station visibility. The focus of the present research is on the development of a feedback guidance law for onboard implementation. Feedback linearization theory will be used to develop an aero-assisted orbit transfer guidance law that achieves a specified terminal state vector in a specified time period. This paper is an outgrowth of the preliminary research outlined in Reference 13.
The feedback linearization concept has been previously applied to various nonlinear guidance problems [14, 151 with significant success. The present research differs from the studies given in References 4 -12 in several ways. For instance, a planet centered Cartesian coordinate system is employed in the present formulation. The effects of planet oblateness, atmosphere rotation and ambient winds are included. Note that neglecting the atmosphere rotation will result in an overestimate of aerodynamic forces in prograde maneuvers, and will lead to underestimating the aerodynamic forces in retrograde orbit transfer maneuvers. The present analysis allows for bank angle, lift, drag modulation and thrust control. While the use of lift, bank angle and thrust control have been previously considered, the drag modulation is proposed here to aid in satisfying the flight time constraint. The formulation uses a sixthorder nonlinear vehicle model with four control variables. Assuming that all the state variables can be measured or accurately estimated, and that the system nonlinearities are known with reasonable accuracy, this model is transformed into a linear, time-invariant form. The guidance problem is then formulated and solved in the feedback linearized coordinates. The resulting solution is subsequently transformed back to the original coordinates to obtain the nonlinear feedback law. The nonlinear guidance law incorporates all known details about the vehicle and ambient conditions. For instance, it can utilize real-time estimates of atmospheric density and winds if these were atrailable. Consequently the present guidance law can be expected to have an acceptable performance even while operating under off-nominal conditions. Further details on feedback linearization, guidance law development, and numerical evaluation are furnished in the ensuing sections.
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The present analysis will only consider the atmospheric portion of the aeroassisted orbit transfer mission. Thus, the following development assumes that the thrust impulse required for entry into the planetary atmosphere has been applied. Point-mass equations of motion for a vehicle flying over an oblate spheroidal planet in a planet centered inertial frame is given by the vector differential equation ZT) used for the calculation of the flight path angle y and the heading angle x. In equation (l) , the quantity T is the vehicle thrust, D is the vehicle drag, L the lift, m the vehicle mass and @ the bank angle. 8 is the longitude with respect to the principal direction and y~ is the latitude. Vehicle mass m and thrust T can be functions of time.
gx, g , gz are the components of acceleration due to gravity. In all that &llows, a dot over variables will indicate differentiation with respect to time, and the superscript T will denote the matrix transpose operation. Given the vehicle position in the geocentric inertial frame, the corresponding latitude and longitude can be calculated as:
Longitude with respect to any specified references on the planet such as the Greenwich meridian in case of earth can be found by subtracting the instantaneous longitude of the reference meridian with respect to the Vernal Equinox direction from the longitude 0. If the vehicle velocity vector with respect to the geocentric inertial frame is known, the flight path angle y and the heading angle x can be computed as follows. First compute the velocity vector in the topocenmc system using the transformation:
The XT axis of the topocentric frame points in the southern direction, the YT axis points in the east direction and the ZT axis points in the direction of local vertical, see Figure 1 for details. The flight path angle with respect to the local horizontal and the heading angle with respect to south can then be computed as: In order to compute the aerodynamic forces acting on the vehicle, the vehicle relative velocity with respect to the atmosphere needs to be found. The atmospheric rotational velocity with respect to the inertial frame and the local wind velocities can be included to yield the components of the vehicle velocity vector relative to the atmosphere as wind velocity components defined in the topocentric frame. These wind components can be specified as a function of latitude, longitude and altitude. The vehicle altitude at any time instant can be computed as
The variable rc is the distance between the planet surface and the origin of the coordinate system measured along the direction of r. The vehicle velocity with respect to the planet atmosphere is given by v, = 4 - Here CL is the gravitational constant for the planet, r is the radius vector, re the planet radius, and J2. J3 ... are the harmonics of the planet's gravitational potential.
The vehicle aerodynamic lift and drag are given by the expressions 1 1 2 2
) The drag coefficient CD could be a function of the lift coefficient, Mach number and altitude. The control variable CDm is the component of drag that can be modulated using aerodynamic devices. CL is the lift coefficient, another control variable in the problem. The bank angle $ and the vehicle thrust T are the additional control variables in the problem. The air density p can be a function of altitude, latitude and longitude. The variable s is the reference area used in the calculation of aerodynamic forces.
The vehicle model elaborated in the foregoing is nonlinear and time varying. In the present form it is useful only for numerical studies.
In the next section it will be shown that the model can be made amenable to analysis through a series of transformations.
The spacecraft nonlinear point-mass model may be transformed to a more convenient form by assuming that all the state variables The previous section dealt with an approach for making the nonlinear vehicle model amenable to analysis. In this senion. the guidance problem will be formulated in the transformed coordiinates and solved. Inverse transformation of this solution to the original coordinates w i l l then yield the nonlinear feedback guidance law. The following development will assume that all the state variables required for computing the feedback law are known or can be estimated. Once the guidance problem is solved with perfect information, the effects of incomplete or imperfect information can be investigated using this solution. It is assumed here that altitude, flight path angle, heading angle, latitude, longitude at atmospheric exit and the time of flight through the atmosphere are all specified.
Since the present formulation uses a planet centered inertial frame, these conditions can first be translated to the Cartesian frame using well known relationships in astrodynamics [16] .
The objective of the present research is to synthesize an implementable guidance law that achieves a specified set of final conditions. As mentioned elsewhere in this paper, the performance index is assumed to the integral of the square of the vehicle acceleration. Primary objective is to synthesize a maneuver guidance law that results in least structural load on the vehicle. Since the magnitude of a vector is invariant with respect to rotational transformations, the vehicle acceleration magnitude is the same as the magnitude of the pseudo control variables. In addition to being mathematically convenient, this performance index may also lead to lower energy loss during the maneuver. With this, the aeroassisted maneuver guidance problem may be defined as: determine the vehicle lift, bank angle, drag modulation coefficient and thrust that achieve (17) given the position vector and velocity vectors at the atrnosphenc entry and exit points, subject to the differential constraint (1 1). The final time tf is assumed to be specified. If desired, flight time can be included in the performance index as in Reference 15.
In order to solve this optimal guidance problem, the variational The optimal solution can be converted to feedback form by assuming that the current time is the initial time. In this case, the difference between the current time and final time is the time-to-go parameter, denoted by the variable t 0. The resulting guidance law in terms of pseudo-control variabks may be substituted in the inverse transformation to yield the nonlinear guidance law for aeroassisted orbit transfer as:
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where
The vehicle lift coefficient, bank angle. drag modulation coefficient and thrust can be calculated from the left hand side of this equation as in (13)- (16) . Note that all the quantities on the right hand side can be computed from the current and the specified final vehicle states, and time-to-go. The performance of this guidance law will be illustrated using a point-mass simulation of a aero-assisted orbit transfer vehicle in the next section.
Results and Discussions
The guidance law developed in the previous section is next implemented on a point-mass model of a hypothetical maneuverable re-entry vehicle. The performance data for this vehicle [6] is given in Table 1 . As presently configured, this vehicle has no drag modulation capabilities. However, for the purposes of guidance law evaluation it will be assumed that such a capability exists. Additionally, it is assumed that the orbit transfer maneuvers occur with earth as the primary. The vehicle simulation featured a fourth order Runge-Kutta integration scheme with a choice between linear or exponential interpolation of the U. S. standard atmosphere up to a maximum altitude of 300000 feet. All the results given in this paper were generated using the exponential atmospheric model. Four gravitational harmonics were included in the simulation.
Three sets of boundary conditions are considered in this paper. The First one is that of a pure orbital plane change maneuver, the second one being a simultaneous change in both in-plane and out-of-plane parameters, and the last one being an in-plane maneuver. Flight duration for all the three cases were assumed to be 400 seconds. The trajectory boundary conditions used in the study are summarized in Table 2 .
In the first orbit transfer maneuver scenario, the vehicle enters the atmosphere over the equator heading due east. The vehicle travels north and exits the atmosphere at 10 degree north latitude and 20 degrees east longitude. The desired exit flight path angle is zero. The only difference between the first and second case is the exit flight path angle. A rather high terminal flight path angle in Case 2 corresponds to a highly eccentric target orbit. In Case 3, the exit flight path angle is same is Case 2. However, the terminal heading angle and latitude are different. 9 Figure 3 shows the altitude evolution for each set of boundary conditions given in Table 2 . In this figure, the trajectory with the lowest altitude corresponds to the case of simultaneous change in all the orbital elements. Due to the high terminal flight path angle requirement, Case 3 also requires significant descent into the atmosphere. The vehicle inertial velocities for the three cases are given in Figure  4 . The velocity histones are nearly identical for case 1 and 2, while the maneuver corresponding to case 3 evolves at a much lower average velocity. Time, seconds
Fig. 4. Vehicle Inertial Velocity
The flight path angle along the three maneuvers are shown in Figure   5 . The vehicle lift coefficient histones given in Figure 6 reveal that a much lower lift magnitude is used for in-plane changes when compared with out-of-plane changes. The corresponding bank angle histories are given in Figure 7 . Of the three histories given in Figure 7 , the one corresponding to case 3 is the most interesting one. Upon atmospheric entry, the vehicle initially assumes an inverted position which lasts for about 40 seconds. Subsequently it uses zero bank angle during the remaining duration of the maneuver. For guidance law development, the vehicle model was first transformed into a linear, time invariant form. In order to minimize the structural load on the vehicle, the performance objective was assumed to be the minimization of the square of the vehicle acceleration. The velocity vector orientation and the position vector components at the atmosphere exit were specified. The guidance problem was solved in feedback form in the transformed coordinates. Inverse transformation of this solution produced the nonlinear guidance law for aero-assisted orbit transfer. The guidance law is in closed-loop, state feedback form and uses the vehicle performance data in the feedback loop. Numerical results using a maneuverable re-entry vehicle data were given.
